We propose three XWV laser schemes in the 30-50-nm wavelength region that can be driven by 10-Hz ultrashortpulse terawatt laser systems. Tunneling ionization by circularly polarized radiation produces both the ions and hot electrons necessary to excite the upper laser level.
lasing at 48 nm; Kr IX (Ni-like), lasing at 32 nm; and Xe IX (Pd-like), lasing at 41 nm. Our calculations indicate that each of these systems should produce high XUV gain. These systems are longitudinally pumped, consisting of •1 Torr of Ar, Kr, or Xe in a differentially pumped cell, into which a circular polarized femtosecond laser pulse is focused to an intensity of between 1016 and 1017 W/cm 2 . Tunneling ionization fully strips the outer shell and produces electrons with sufficient energy to excite collisionally the upper laser level. Figure 1 shows the energy-level diagrams for the three laser systems. The atomic energy levels and dipole matrix elements were calculated with the RCN/RCG Atomic Physics Code of Cowan 6 and have an uncertainty of less than 10%. Transitions from the predominantly singlet states shown in Fig. 1 to predominantly triplet states have been included in all the calculations but have been omitted from the figure for the sake of simplicity. As with the Ne-like and Ni-like x-ray lasers first studied at Lawrence Livermore National Laboratory,1 2 these systems are pumped by monopole electron excitation from ground. Because the ionizing femtosecond laser pulses are much shorter than any multiparticle interaction times, we approximate the ionization rates and resulting electron energy distributions by those calculated for isolated atoms. Because we are using circularly polarized light, the instantaneous ionization rate may be computed by the tunneling formula for a static electric field, as given in Eq. (3) of Ref. 4. As an example of the thresholdlike behavior of tunneling ionization, consider the ionization of Ar VIII. and 1015 s-1, respectively. Figure 2 shows the laser intensity required for ionization of our species of interest in a time of 10 fs. The threshold intensity required for ionization of the ninth electron is a factor of 7, 9, and 48 times higher than that required to ionize the eighth electron in Xe, Kr, and Ar, respectively. Thus, over a sizable portion of the beam profile, we expect the plasmas to consist entirely of eight-times-ionized species. Theory also predicts that electrons produced by tunneling ionization with circularly polarized light will retain a kinetic energy equal to the quiver energy, E = e 2 E 2 /4mcs 2 , after the pulse has finished, where E is the instantaneous electric-field strength at the time of ionization. 5 With this assumption for electron energy, and assuming the ionization rate to by given by the static tunneling formula, the electron energy distribution can be numerically calculated for any laser pulse. For laser pulses whose peak intensity is great enough to fully strip the outer shell of our noble gases, we expect an initial electron energy distribution consisting of eight equal populations of electrons, each peaked about the quiver energy required for ionization of the corresponding ionization stage. Figure 3 shows the initial electron energy distribution calculated for Ar when it is subjected to a 30-fs Gaussian pulse with a peak intensity of 1017 W/cm 2 . For the purpose of computing electron-induced transi- tion rates, we approximate this distribution by eight delta functions in energy, ranging from 18 to 1800 eV in Ar, 12 to 1050 eV in Kr, and 9 to 550 eV in Xe.
Assuming that the initial gas is at room temperature (0.025 eV), we use conservation of momentum to estimate our initial ion temperatures to be 0.087, 0.052, and 0.031 eV in Ar IX, Kr IX, and Xe IX, respectively. For the densities that we are considering, the time evolution of the electron and ion energy distributions is dominated by elastic collisions and can be estimated by the equations of Spitzer 7 and a simple numerical routine. For determination of the inversion density in our laser systems, it is necessary to calculate the excitation rates of the upper and lower laser levels and the depopulation rate of the upper laser level. The Cowan Code calculates modified Born collision cross sections that are accurate to better than 50%, even at threshold, where the normal Born approximation breaks down. 6 For each transition, summing the calculated rate per unit electron density over those electron classes that are above threshold yields the transition rate per unit ion density. Table 1 lists these rates for the most important transitions. Assuming the lower laser level to be trapped, and the electron energy distribution to be constant over the lifetime of the upper level (an assumption supported by our analysis), we estimate the maximum inversion density by Nnax Ni2(Rupper 3 Rlower)1 (
where Ni is the ion density; Rupper, Riower, and Rout are the electron-induced rates per unit ion density into the upper, into the lower, and out of the upper laser levels, respectively; and Tupper is the radiative lifetime of the upper level. It should be pointed out that the pump rate is rather insensitive to the precise electron energy distribution. For an electron whose energy is above the pumping threshold, a tenfold increase in electron energy will decrease the excitation rate by only a factor of approximately 2.
To compute the stimulated emission cross section, we assume a Lorentzian line shape with a full width equal to the quadrature sum of the homogeneous linewidth, the Doppler linewidth, and the electroninduced Stark linewidth. The increase in the homogeneous linewidth resulting from electron-collisional depopulation can be quickly calculated from the rates given in Table 1 . We estimate the Stark linewidths by using the modified semiempirical method of Dimitrijevic and Konjevic 8 in the high-temperature limit, with the atomic dipole matrix elements calculated by the Cowan Code. We believe the uncertainty of these estimates to be less than a factor of 2. We calculate the spontaneous decay rate of the upper laser level into a single state of the lower level to be 2.0, 13.7, and 10.2 ns'1 in Ar, Kr, and Xe, respectively. Table 2 summarizes our calculations for the Ar, Kr, and Xe systems, each at two different densities.
For the systems listed in Table 2 to achieve a gain-length product of 20, lengths ranging from 2 to 27 mm will be necessary. Thus the driving laser must be focused to a sufficient intensity to produce eight-times-ionized species over these lengths. For the Xe system at 10' 7 /cm 3 , focusing to an intensity Kr ix 'So 3d' 0 -'P 3d 9 4p
7.3 x 10-9 'So 3d' 0 -'S 3d 9 4d 9.9 X 10-9 'So 3d 9 4d -'P 3d 9 4p
7.9 X 10-8
'So 3d 9 4d -'Pi 3d 9 4f 1.9 X 10-7
Xe ix 'So 4d1 0 -'P 1 4d 9 5p 1.3 X 10-8
'So 4d 9 5d -'P, 4d 9 5p 1.7 X 10-7
'So 4d 9 5d -'P 1 4d 9 4f 3.2 X 10-7
'So 4d 9 5d -'PI 4d 9 5f 1.7 X 10-7
aRates given are already summed over degenerate states. To avoid termination of lasing due to trapping, one must make sure that the lower-level decay photon has an absorption length longer than the radius of the laser volume. At the calculated initial ion temperature and ion density of 101 7 /cm 3 , a 4.9-nm photon in Ar IX, an 11.6-nm photon in Kr IX, and a 16.4-nm photon in Xe IX have absorption lengths of 15.7, 1.1, and 0.23 ,Am, respectively. An ideal 800-nm beam with a confocal parameter of 1 cm has a waist of -36 ,um. Thus in such a geometry all three systems should terminate after one or two lifetimes of the upper level. As the ions heat, these absorption lengths increase as a result of increased Doppler width. Our time evolution analysis indicates that the heavy Kr IX and Xe IX ions never heat enough to avoid trapping. The lighter Ar IX ions reach a temperature, after several hundred picoseconds, that is high enough to permit the lower laser level to empty. In addition, electron thermalization will have resulted in all electrons' being above the pumping threshold by this time. Thus we predict that the Ar IX system can lase continuously for several nanoseconds until inelastic electron cooling causes lasing to terminate.
Pump beam defocusing puts limits on the length and density of the system. In cases in which the electron density is proportional to the laser beam intensity profile, an optical phase shift of IT rad at beam center is often considered to be the point at which self-defocusing becomes significant. For an 800-nm laser, an electron-density-length product of 1.4 X 101 7 /cm 2 will produce an optical phase delay of 7r rad. In oui experiment, once the laser exceeds a threshold intensity all ions are eight times ionized. Thus the electron density and index of refraction should be uniform over a sizable region of the beam profile once the leading edge of the pulse has passed. Furthermore, the steplike behavior of tunneling ionization means that the dominant beam defocusing effects will be at the interfaces between regions that are entirely n times ionized and regions that are entirely n -1 time ionized. Thus we expect that, in a differentially pumped system, in which the beam encounters matter only within its confocal parameter, lengths in excess of 1 cm should be achievable at an ion density of 101 7 /cm 3 .
In conclusion, we have proposed three specific electron-excited XUV laser schemes that can be driven with short-pulse terawatt laser systems. The use of circular polarization is required for energetic electrons to be produced. These systems require rather low densities and can be end pumped over lengths exceeding 1 cm. The predicted gains are sufficiently high that we expect to see saturated output, even over lengths of only a few millimeters.
